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1 . Introduction 

The field of semiconductors has been making remarkable progress 
recently: very large scale integrated (VLSI) circuits are being 

developed now in this country as well as abroad. Even when the 
VLSI era is reached, the need will still exist for bonding semiconductor 
elements and exterior terminals. Because the number of elements 
to be bonded is expected to increase in the future [1], we are 
required to further improve the reliability of bonding of this type. 

The process called Au wire thermocompression bonding [2,3] 
is generally used for the type of bonding mentioned above. Au thin 
wire of 50-60 jAm diameter is used to connect the semiconductor 
electrodes (this is usually done by evaporation) to external 
terminals. High speed automated machines became available for 
this work recently [4], and the technology for bonding has progressed 
tremendously. However, if the reliability needs to be Improved 
in the future, the bonding defect rate needs to be decreased. 

We discussed the faster speed Au wire thermocompression 
in the previous report [2], in which we reported that the A1 


$i^«rf«ee condition caunod wida diaparaion of bondabllity batvaan 
11^1 and An. Thia tlae* ve atadiad how tha A1 aurfaca af facta 
bondabliity qoantltatlvaly. We firat naaaurad A1 aurfaca 
bondability dlfferanees when A 1 la bonded to different apeciaenat 
30 that we could find out what paraaeters can express the surface 
Condition differences^ This step was based on the theoretical 
exaainatlon. Then, we examined the physical meaning of these 
parameters, based on the data of the A1 surface conditions measured 
by ESCA (Electron Spectroscopy for Chemical Analysis). 

By conducting the studies as discussed above, we were able 
to clarify quantitatively the effect of A1 surface conditions on 
bondability. We are planning to continue to concentrate our efforts 
in research so that we can better control the surface condition of 
evaporated Al. 

II Experimental Method 

In order to study the effect of Al surface conditions on 
bondability, we processed in several different ways the surface of 
evaporated Al placed on a thermally oxidized Si wafer, then 
bonded Au wire on Al by thermal compression. We measured the 
bondability by pulling the wire. We than examined experimentally 
and theoretically what parameter can express the difference of Al 


surface conditions 



One thick Al was evaporated on thermally oxidized SI 
wafers in the 0,1 mPa vacuum. The evaporation speed was 10 nm/s 
and the substrate temperature was 523K (250 C). After the /604 
evaporation, the type of surface treatment, as described in Table 
1, was conducted on the Al. Then, the wafer was divided into 
approximately 6 mm square chips, bonded eutectically to the lead 
frame plated by Au, and then Au wire was bonded to Al on a Si 
chip and lead frame, as shown in Figure 1. 
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Tablo ! Various surface treattnentr* applied to 
Al in this ilirfy. 
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2. Bonding Technique and Its Evaluation 

We used a conputer-aided Au wire compression bonding system 
(CABS: Computer-Aided Bonding System) manufactured by Hitachi for 
bonding purposes. The bonding temperature was 573 K (300^C), pressure 
time 50 ms, and bonding load W was applied up to 0. 2-0.8 N. 

Tension testing’*' was conducted in order to examine bondability, 
as shown in Figure 1. In this testing, the bonded Au wire was 
pulled upward, and the strength Fj required for breaking 
the wire off and fraction P of the number of breakages at Au-Al 
bonds to the total number of breakages were calculated. 

Incidentally, all breakage occured at the Au-Al junction or in 
the Au wire (close to the Au-Al junction) in this experiment, but 
no breakage was observed at the lead frame and Au wire junction. 

In this study, we used the ratio of breakage occurring at the 

bend P as data for evaluatiiig the bondability, because F usually 

indicates Au wire strength rather than bond strength. (Unless 

bonding is extremely weak, breakage does not occur at the bond) 

Even if we decreased the bonding load in order to increase the 

breakage ratio at the bond, the Fj value dispersion was very large. 

Furthermore, even if we measured a larger number of F«|-'s, it 

would have been very difficult to obtain the true bond breakage 

force (Refer to Appendix 1). On the other hand, P can be used 

♦ Here, the most commonly used tension test is discussed. 

Another test called the shear test [2], in which bond strength is 
measured more directly, is discussed in Appendix 2. 


in the result analysis as a parameter indicating the amount of 
bondability, as will be explained in the next chapter. 

Tension testing was conducted on each group of 300 chips of 
different bond conditions (of Al surface treatment and bonding 
load) in order to obtain the P value. 

3. Al Surface Condition Measurement 


The Al surface was examined by ESCA. A Hitachi E-507 ESCA 
was used. The vacuum was 0.1 mPa, and an AIK d ray was used 
for X-ray. Because Al oxide film gives a great effect on 
bondability as has been reported in the previous paper [2], we 
measured the peak of the A12p electron in order to use it as an 
indication of the oxide film thickness, then obtained the peak 
strength (hight) ratio between the non-oxide and Al oxide 
(Figure 3). The thinner the oxide film is, the greater this 
ratio grows (5]. We defined this ratio as the surface 

cleanliness scale S. Occasionally, bondability is affected by 
the amount of C detected on the surface when the Al surface is 
contaminated by organic materials. But no effect of C was 
observed in this experiment. 

Ill Result and Examination 

In this chapter, the breakage ratio at the bond P will be 
expressed as a function of the bonding load W. Then, the relation 
obtained from this and the experimental result will be compared. 


In the final atap, we will discuss what role the A1 surface 
condition plays In affecting the relation of P and W, 

1. The Presumed Effect of A1 Surface Condition on Bondability 

When the Au ball at tho tip of the Au wire is pressed onto 
the A1 surface for bonding, the contact area Aq of Au and A1 may 
be expressed [ 6 j 



Here, W represents bonding load, (T“ q the hardness at the 

bond. If two metals are touching on clean surfaces, the contact 

area Ap should be equal to Aq. If the surfaces are not 

clean, Ag<A 0 (refer to Appendix 2). Therefore, by applying the 

amount Wq in the parameter that expresses the A1 surface conditio 

Ag of the closest primary value can be expressed, 

(here, ( 2 ) 


Next, the relation between the breakage ratio P at the 
bond and the contact area Ag will be obtained. Because the 
breakage occurs either at the bond or at the Au wire as has 
been mentioned, the breakage ratio, when occuring at the Au wire, 
will be 1-P. Energies required to cause the breakage at the 
bond and the Au wire are named and E 2 (per atom), 
respectively. Then, P can be expressed [7] 
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Here, K represents Boltzmann's constant and T, temperature (K) 


The breakage at the Junction actually occurs In the metal 
compound grovn by the Au and A1 bonding reaction. Because 
the breakage is observed to be of brittle nature, we set 
the hypothesis that the bond was broken only by elastic 
deformation. So that we can obtain the energy required for 
the breakage, we will utilize the distribution of stress and 
displacement ouccring when a semi-infinite body and a rigid 
column are put in contact. If we are to consider that the energy 
required for the breakage equals El, which represents the average 
energy increase per atom at the circular bond containing N 
atoms, the following may be established. 



(4) 


The 2 on the right side of this equation is effective because there 
are two broken sections, ^ 27 indicate stress 

and displacement in the z direction expressed by (r,^,z) on 
circular cylindrical coordinates, and R represents the radius of 
the bond. Furthermore, when force is applied 

may be expressed as follows [ 8 ]. 
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Here, F-j. represents the energy 
may be written as 


required for the breakage, and it 

.'ll, 

(7) 


and is the bonding strength. E represents Young's modulus and 


^ , Poisson’s ratio. Neither E nor y^cttn be given in one speeifle 
value in reality, but we did so in order to sinpllfy them. 


When Equations 5 and 6 are substituted in Equation 4, 

\ ( 8 ) 


Here, 




When Equation 7 is substituted in Equation 8, 
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Then, when R is expressed as a function of W-Wq by using 
Equations 9 and 2 and it is substituted in Equation 10, 


Here, if 


When Equation 12 is substituted in Equation 3, it will be 
finally expressed as follows after being organized: 

if in ’“''--Krii' .ir,s »,2 ( 13 ) 

Therefore, if Wq is a constant, a linear relation will be 
obtained when log[(l-P)/P] is given to the vertical axis and 
(W-Wq)^^^ to the horizontal axis. We will discuss whether 
or not the experiment result can be expressed in Equation 13 format 
in the following chapter. 


2. Comparison of Experiment and Theory 


First, the surface treatment was conducted on A1 specimens. 


' ' 'Jf’r, ■{. ' ■ . • : ■ ■ ■' ■■■". ■ . .. .■ . • ■ 

and Au wire was bonded onto A1 with various bonding loads W. 
tension testing was conducted then, ihd the ratio of breakage 
occurrence at the bond P wet conputed. Then, we hypothesised 
that Wq of Equation 13 was a constant determined by the A1 
surface condition, and examined whether it was possible to obtain 
Mq that may suit Equation 13 in some way. Figure 2 shows the 
relation between log[(l-P)/P] and (W-Wg)^^^ that was obtained as 
a result of this effort. This graph shows all the experimental 
data of the specimens whose surface piocesslngs are listed in 
Table 1. (Approximately 300 data were used to determine eacii 
dot.) This graph indicates that the relation between 
logt(l-P)/P] and (W-Wq)^^^ can be expressed by the same equation 
by varying Wg. It also indicates that the relation of Equation 
13 is established when W is not large. The reason why the relation 
does not result in a straight line when W is large seems to be 
because the contact area cannot be set larger than a certain 
value as the diameter of the Au wire is fixed. The Wg value for each 
surface processing established to suit Equation 13 resulted as 
shown in Table 2. It seems that the reason why we could express 
the relation between P and W belonging to specimens of different 
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surface treatments by only varying the Wq value, as shown in Figure 
2, la because the value is determined by the difference among / 606 
Al surface conditions, and each surface treatment gives a fixed 
value to Wq even if W is varied. Up to this point, we have 
discussed the case of tension testing. The Wq value may be obtained 
from shear testing also. Refer to Appendix 2 for these data. 

Next the meaning of Wq will be discussed. Equation 2 
Indicates that the contact area Ap becomes smaller with great# * 

Wq, and Equation 3 indicates that there Is almost no contact 
( PS«l) unless W passes Wq, During the experiment, we also 
observed that grew smaller when the oxide film on the Al 
surface was thicker and there was no contact unless we applied 
a load which was greater than a certain value. We therefore decided 
to call Wq a critical load. By using different Wq values, 
we can express the effect of Al surface conditions on bondabillty. 


10 


The eonteminant attached to the A1 surface or oxides generated 
there seem to cause Wq to have a great value. Therefore, we 
Investigated the surface conditions of each speeinen using an 
ESCA. No correlation was found to exist between the oxidation 
degree on the surface and Wq, while some correlation was 
recognixed between the Al oxidation degree and Wq va.,ae. We obtained 
the peatc height ratio between the non-oxide and oxide Al*s 
at the Al2p peak measured by ESCA, and we defined this ratio as 
surface cleanliness S, which expresses the oxidation degree. 

The S value is greatly affected by the thickness of the oxide 
film. The oxide film grows thicker as S is smaller In the 
closest primary value, although this varies according to 
different kinds of film. Figure 4 shows the relation between W 
and Wq. From this diagram, it Is clear that Wq is greater when S 
is smell, which means that the oxide film is thicker. Therefore, 
if the S value is known, bondability can be predicted. The correlati 
shown in Figure 4 seems fairly good, but still some deviation 
is observed. Probably the data of the S values is not sufficient to 
do an examination in detail and we will need some more Information 
on ths type (chemical combination) of the film. This information 
is thought to be able to be obtained by measuring chemical shift*, 
but the Al oxide type insulator will be affected by X-radiation 
during measuring and will charge with electricity even if it is 
several nanometers thin [9]. Therefore, we are conducting studies 
so that we can obtain the chemical shift value (determined by the 
chemical combination) that is not affected by the charged electricity 


In reality (seniconductor element manufacture process), the 
Al surface is put in contact with HF'fNH^F liquid before bonding. 
That is when the S raToe warles in the range of 0«25 to 0«45, 
the Wq value raries from 0*05 through 0*13N corresponding to 
this* The cause of this change is not completely clearly known 
yet, but it is possible that the Al surface condition changes 
according to the conditions of water rinsing (although one might 
link that he is rinsing in the same condition) conducted after 
surface treatment. Some of the examples are listed in Appendix 3 
to describe the effect of water rinsing conducted after surface 
treatment given to the Al surfaces. Some more studies on HF+NH^F 
liquid treatment are planned to be conducted in the future. 



Typical AI2p spectrum obiaiTOd in this 


♦ This is said to be deter ’^ned by the Al combination caused by 
the peak location difference between Al oxide and non^oxlde. 
(Figure 3) 
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IV Conclusion 


We examined in this study the effect of Al surface conditions 
on bondability when Au wire is bonded by thermocompression 
onto Al evaporation film, and the following result was obtained. 

1. When Au wire is pulled, the fraction of the number of failures at 
Au-Al bonds to the total number of failures P to be used as a 
measuring scale of bondability can be expressed by 

(14) 

Here, K is a constant determined by the mechanical nature of the 
bonded part; W, bonding loadi E 2 the energy (per atom) required 
to break the Au wire off; and Wq, a constant (called critical load) 
determined by the Al surface condition, 

2. Wq grows greater in its closest primary value when the Al 
oxide film is thicker. And, the Wq value is able to be estimated 
by scanning the Al surface by ESCA. 
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Appendix 


1. The method for computing the breaking force at the bond 
using the force a measured value of the force required to 
break Au wire by pulling [12]. 


In general when two or more types of breakage coexist* the 
average breaking force of each breakage type is different from 
the true average. 


When m and n numbers of measured breaking force values are 

picked from populations B (for example, breakage occurring at the 

junction) and A (for example, breakage occurring at Au wire) 

respectively, these values are established as follows: 

® 5 



We define the probability as follows: 




(15) 


Here, fi(xi) ^l(xi) probability distribution and 

accumulative distribution function of respectively. Then, if 
the distribution of the pulling force required to break the 
bond is normal (when the force is small, the distribution 
is almost normal, but we do not know what distribution results when 
the force is great because breakage occurs at Au wire), we can write 
as follows: 






(16) 

(17) 


Here, andlAx are the standard deviation and mean value of Xi 


f#spectl¥gly. And, and are the probability 

distribution and accuaulative distribution function when breakage 
4£eurs at the Au wire* 

Using equations 15, 16, 17, we obtain and values 

that are most likely to fit in 

' ^= 0 . ^*^=0 


We estimated the break force at the bond by this 

method, and the result is listed in Table 3. Thus the average 


Table 3 Kstiniaicd values of tensile bmi,! h.—t 
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• Average o| o valum of 


Value computed from the measured breaking force is somewhat 
different from the true value} therefore, it is not appropriate 
to express bondability by the measured breaking force itself. 
However, there is no need to have such concerns with the 
breaking force obtained by shearing, because all breakage occurs 
at the bond. 


The effect of Al surface condition in shearing testinj 


In the shearing test, force is applied differently from the 


tension testing. It is applied from the side onto the bond 


(Figure 1), as was discussed in the previous report (2), and the 
force required to break the Junction is measured* Therefore 
this breaking force indicates the strength of the bond 
Itself. We thus utilized a bond breaking force Fg that was measured 
and the scale indicating the A1 surface condition. The relation 
between the bond breaking force and surface cleanliness S can be 
obtained directly without any computation. Figure 5 shows the 
relation between the bond breaking force Fg and the surface condition 
of Al-Mn evaporation film [13} which we developped to use as 
anti~corrosion wiring material. We conducted this testing 
because Al-Mn material does not have as good bondability as A1 
although it is more anti-corrosive than Al. Each dot in Figure 5 



indicating a Fg value is an average of 40 breaking force 
measurements. 

In order to correspond this testing and tension testing, Fs 
vas expressed as a function of bonding load W. Figure 6 shows a 



photograph of the typical look of the piece broken in a shearing 
test and the method for neasuring the apparent contact area 
and the apparent bond area*. Tiie apparent contact area a^. is 
defined as 




(19) 


and the apparent contact me a is defined as 

I ( 9 (20) 

The average of 40 measurements was used as the value of each 
diameter . 


Figure 7 shows a^. dependency on V.’. As is clear from this 
diagram, the relationship discussed above can be drawn by 
straight line and it can be expressed as follows. 

ac= ” (21) 

Mere, 185 MPa is given as the (T q value in Figure 7. This is almost 



Fig. 6 Method of obtaining apparent bond area 
and apparent contact area Gq. 


-This is the area where tiie Au-Al compound is generated by the 
bonding reaction. 



equal to the hardness that was measured at 573K (bonding temperature). 
When two lumps are put in contact, should Indicate the hardness of 
the softer lump, but it indicates Au hardness rather than A1 in 
tnis testing. It seems that hardness of SiC 2 and Si under A1 
gave some effect because A1 was only I yUm thick (both Si02 and Si are 
harder than Au). 



The following definitions are established after 

comparing this case with the tension testing. 

- - W-W, 


- + a, 




Here, Wq is the critical load defined in chapter III-l 
is an apparent shearing breaking force. Thus Equation 
substituted in equation 23. 


F,: 




«.) 


( 22 ) 

(23) 

and 

22 can be 


(24) 


We obtained the equation that expresses the relation of Fs and W 
as indicated in Figure 8* Therefore, the following two equations 
can be used for computing Wq from the shearing test. 


( 26 ) 



Here, J Fg and /^Wq represent differences between two Fg*s or ^ 

Wq's. Vq can be obtained from Equation 25 directly. Or if one Wq 
I s known, another Wq can be obtained by substituting the Fg change in 
Equation 26. Here, we obtained a Wq value of two surface 
treatments by using Equation 25. The result is shown in Table 4, 

'’’he vtQ obtained here corresponds well with the Wq obtained from 
tension testing. 



0 02 04 06 06 1.0 1.2 


Applied Load , W ( N } 

Fig.S Depei^ence of bond breaking force Fs on 
applied load W. 


Table 4 obtained from shear test. 


Surface tr^tment 

i »F,(N) 

HF+NH,^1 : 6. 293K.300*) 
Air (293>«2tt K-604.8 

0.13i:0.06 

0.03±0.02 


3. The effect of a water rinse performed after A1 surface 
treatment on A1 surface condition 

In chapter III, we discussed the possibility of a water 
rinse performed after A1 surface treatment changing the thickness 





of the A1 oxide film. Here, we will discuss the case where 
an oxide film thickness actually changed because of different 
water rinse conditions. The Al evaporation film contained 2 
mass% Mn in this case. 

As has been mentioned, Al-Mn evaporation film is superior in 
anti-corrosiveness to Al film, but it does not have as good 
bondabllity. Therefore, surface treatment for thinning the oxide 
film is required when this type of film is used. By conducting 
sulfaralne acid treatment (5 mass% solution, 333K-900s (60 C- 
15 min)), Al level bondabillty can be obtained with Al-Mn film. 
However, a large amount of dispersion was observed in bondabillty 
when this was actually performed. We studied the relation 
between bondabillty and Al-Mn surface condition in order to 
clarify the cause of dispersion, and we found that there was a 
correlation between surface cleanliness S and breaking force, 
just as in the case of Al film (Figure 5). Furthermore, even if 
the same sulfamine acid treatment is performed, the S value may 
vary depending upon the water rinse conducted after the treatment, 
as shown in Figure 9. Here, the water rinse condition 



W^terF'.iix (oo '*-' 

P%.9 o{ Al urfsa deaellimi S on 

riiiting cendUioa after avlfamic acid tut face 
treatment. 


is Indicated by the amount of pure water run per unit time used 
for rinsing. An Si wafer evaporated with Al-Hn film was rinsed in 
a 500 cra^ beaker under a faucet of pure water. 
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